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ABSTRACT

Experiments werz performed in which “ne velocity pro~
files and decay and spreading properc.i:2s of free underaxp..nded
Jets of cold air were measurea. Stagnation point heat trans-
fer parameters for impingement of these Jjets on various
surface shapes were evaluated and correlations made with the
free Jet data. Pressure distrirution and photographic
studies of the free and impinging Jets revealed that an
unusual scparated flow phenomenon can exist under certain
impingement conditions, Problems associated with hanges in
Jet stabliicy and the effects of interi'eirence due to zeometric

arrangement of the apparatus were considered in a gualitative
way.
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PREFACE

The key aerothermal process in the hypervelocity kill
mechanism 18 the transfer of heat to a solid surface from an
impinging Jjet of hot gas. 1In order tc understand and evaluate
this process, a thorough knowledze of Jjet implagement flow
phenomena 1e necessary, Because of the relatively little
useful information already available oh the detalls of impinging
Jet flows, a broad program of experiments designed to provide
basic understanding of the procesa has been carried out, Beiore
presenting the results of these experiments. however, & brief
review wlll be given of those aspects of the hypervelocity kill
mechanism which involve jet impingement,

In consicdering a reentry vehicle whosz wall has been
punctured by the hypervelocity impact of a pellet, two ilow
conditions have been shown to be possible, each depending on
the value of certailn geometric parameters, and each involving
the formation and subsequent impingement on interior surfaces
of a high energy Jjet. It has been convenient to classify each
of these conditions in terms of the nondimensicnal geometry-
dependent ratio A/Vz/3 where A 18 the area of the punctured
hold and V 1is the volume of the interior cavity, Althcugh
no exact criterion for separating the two regimes has been
developed on this basis, it is generally conceded that for
A/V2/3 < .01 the interior flow is "uncoupled" from the
exterior flow and that the primary energy transfer to Jhe
interior is effected by weans of mass transfer due to & discrete
Jet whose strength depends on the nressur: ratic ‘hirrough the
hole, On the other hand, 1t 1s quite well estuablisihed that for
A/VE/B > .05, the interior flow is "coupled" tc th~ exterior
flow, and that large encrgy transfer to the irierier can occur
in the absence of mass flux, This procee: has been discussed in
detril elaawhere®*, but may be desc:lh=" briefly &3 follows:

*Hypervelocity Kill Mechanisms’Program, Se~:~nnual
Technical Progress Report, April 1964,
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As the external flow leaves the upstream edge of the hole,

a free shear layer or mixing zone forms which entralns gas
from the interior, thus transferring both momentum and energy
to the interior gas. If this mixing zZonz iz locally super-
sonic as it impinges on the downstream : dge of the hole, a
shock wave 1s formed which stanus off from this edge at a
distance which depends on the relative bluntness of the edg:
and the local mixing zone Mach number, Because the static
pressure behind such a shock 1is ccnfiderably higher than the
interior pressure, the entrained interior gasass form a Jet
carrying high enthalpy from the high pressure region behind
the shock into the cavity, Under such conditions, the rate
of energy adcition can be considerably highicr than that for
uncoupled flow, l.e, transfer by mass flux.

Because of the difficulty of making reliable and mean-
ingful direct measurements of Jjet impingement heat transfer
under real or simulated aerothermal kill conditions, a
method has been sought that would make possible the extrapo-
lation to such conditions of data taken under less stringent
clrcumstances. Such a method consists in the application of

exlsting stagnation point heat transfer theory to the imninge-

ment of jJet flows whose characteristics have been established
experimentally under a variety of conditions. Since this
theory relates the stagnation point heating and the radial
velocit; zradient (computed from the pressure distribution)
at that point, the value of the method depends mainly on how
w2ll this gradient can be predicted at a given point in terms
ol the characteristics of an impiiagement fiow.

The over-all problem of jet heating has been separated
into three basic flow regimes in crde» to facilitate the
understanding of each. These regim:s ¢nd thelr ‘mpocrtance
to the impingement problu.. arei

1, f#ree Jet regime: axilal velocity decay and radial
spread of axial velocity orofile
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2. Impingement regime: stagnation region pressure
distribution and location of stagnation point for
obligue impingement angles

3. Wall jJet regime: radial veioclty decay, velocity
spread normal to surface, and azimuthal distribu-
tion of radial momentum for oblique impingement
angles.

Each of these regimes has veen studled experimentally
for a variety of impingcment surface shapes, impingement
distances, Jjet strengths, and impingement angles, Because
of the impossibility of specifyling the exact contour oI a
hypeivelcclity impact hole and because, in genersal, the Jets
which form within an impacted vehicle are underexpanded, a
circular convergent nozzle was chosen a8 the experimei.cal
Jet source, The present report is devoted to the results of
studles of free jets 1ssuing from this nozzle and the normal
impingement of these jets, The results of oblique impinge-~
ment and wall jet experiments are reported separately.

It should be pointed out that in order to interpret
these results properly in the context of real or simula:zd
aerothermal kill configurations, the influence of surrounding
structures must be taken into account, It is known, for
example, that seemingly remote obstructions can cause measur-
able chi.iges not only in the structural and stabilit; charac-
teristics of a free jet, buv also in its impingement pressure
distribution through, among other things, an alteration of
tne momentum flux pattern of the entrained flow. Thus, the
impingement pressure distribution of a small diameter jet
issuing into a large open room would ve expectad to dliffer
somewhat from that of the same Jet surrounded by a much
snaller cavity. In a similar manr.>r, the structure of a free
Jet iasuing from a hole in & large 1.at plate differs siightly
from that of a jet issuing from the end of a lew pipe,
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Although a full invistlgation of such secondsary or intes-
ference effects 1s beyond the scope of the present experi-
ments, some measurements have been made which serve to

illustrate the nature of the problem. These matters are
discussed further in 2.3 and 3.2.5.

L ekl ae o m ot s

e e TCAL S s
— T— .-l_.-“

| gk e o ad T

CONFIDENTIAL

i
§
|
i




1, INTRODUCTION

The problem of estimating the stagnatiocn point heat
transfer from a jet of hot gas to a cold surface upon which
it impinges can be treated by applying the usual techniques
of stagnation point heat transfer computation. These solu-
tions are generally expressed with the stagnation point
velocity gradient (due/hr)r_o as a parameter (see, e.g.
(1]). For the case of the impinging jet, this parameter
can de readily determined from the pressure distribution
measured on the impingement surface. In order to provide
suitable data for such determinations, a broad expe:iimental
study was made of a number of different ,jet impingement
cases, Thls study included the impingement of an unheated,
turbulent, axially symmetric jet of alr on several dirferent
surface shapes, The jet, which issued from a convergent
nozzle, was run at several pressure ratios, both subsonic
and sonic (underexpanded), and the impingement distance was
varied through a wide range. The surface shapes used were
a convex hemisphere, a flat plate, a concave hemisphere, and
a shallow cylindrical cup.

In addltion to the stagnation point radial velocity
gradient itself, the correlation of this gradient with
measured free jet properties was evaluated, One correla-
tion was based on properties of the free Jet at thc nozgle
exit, and another was vased on local properties of the free
Jet at the same location as the impingc.ent sur’ace, These
parameters are discussed in 3,.2.3.

Although the primary characteristics of Lurhiulent free
Jets (axial decay, radial spread, ~tc,) are ":ell rnown,
several interrelated secondary factors shich influence their
drvailed structure should be coneidzrad if one is to corra-
late dat: resulting from tests msds with different nozzles
and supporting structures. In the present oc...ctt, in which
it is assumed that solid boundaries may exist within a few
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nozzle diameters of the Jjet source, the most important of
these factors are thought to be (a) a dynamic instability
effect and (b) a blockage or interference efrect. The
dynamic instability referred to is characverized by a
primarily lateral oscillation or "flapping" of the entire
Jet flow field, and is to be distinguished from the shear
induced instabilities of the turbulent mixing flow field
which are, in general, of higher frequency and lower ampli-
tude. The blockage effect is distinguished by changes in
core length and spreading rate due to the presence of
obstructions in the entruined flow field. 8ince the .xter-
nal configuration of the nozzle itself can thus be a faetor,
it is important to consider this effect in determining jec
flow field momentum balances. A jet with a coaxial free
stream velocity superimposed about it is, in a sense, equiva-
lent to a free jJet with a prescribed entrainment flow,
Studies which reveal the changes in core length and spread-
ing for different ratios of jJet to free stream velocity are
thus indicative cf some of the effects to be expected due to
blockage. In addition to the two secondary effects Jjust
described, there 1s an interdependence of the nature of the
instability upon structural interference through, for example,
the reflection and/or excitation of acoustic disturbances.
The aforwuentioned effects and their qualitative infi.cnce
on the measurements are Jlscussed more fully in 2.2.4.

' In recognition of the importance of .he abova factors,
a tiorough experimental survey was made o° the same free
Jets that were used in the impingement studies using tre
identical test setup. In this way, it was horsd that mors
neaningful correlations of impingement heat transfer param-
eters couid be obtained,

Alsc of interest, in the over-aii program, was the
evaluation of effects dus to the shock structur~ nresent in
the core of underexpanded jets. Decay and spreading parameters
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3

were determined for a number of combinations of Jjet pressure
ratio (subsonic and underexpanded) and axial location, Ths
results of this free jet study as well as i general discus-
sion of free jet structure are presented in Section 2, Th
impingement studies and the correlations based on the free
Jet data are treated in Section 3.
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2, FRBE JET STUDIES

2.1. Structure of the turbulent axially symmetric free Jjec.

Although an extensive literature ~n the structure of
turtulent free jets exists (sss, e.g. (2]), relatively
little quantitative information 1s avallable on decay ancl
spreading tehavior for underexpanded cases (3,4,5,17,23].
Analytical and semli-empirical methods for deteraining these
characteristics have usually been restricted to either sub-
sonic or properly expanded supersonic Jjeta, In the present
study, however, it is of interest to determine ot only the
local detalles of the flow within the jet core, but .he
effects of underexpansion on decay and sproading rates in
the downstream portions of the jet, Only recently has
intereat in the characteristics of rocket exhaust plumes at
high altitudes and in space spurred efforts to understand
such structural details, Some specific problemss which have
been studied involve pressure, thermal, and shock inter-
ference effects on adjacent structure, as well as vehicle
stability effects, and the blocking of communi. ition signals
due to ionization radiation in the plume, The emphasis,
however, has been on the dstermination of initial spreading
Loundaries of the plume and the strength and location of
the initial shock structure [6-17,21,22,24,2¢ . rather
than Gucay processes. Other recent studies h e, con-
cerned with Jet appliuations in the fluid ampl ' er field
[13] and the interrelation betv:en und- cexpands4 jet stabili-
ty and assoclated sound generation phencmena {[19].

The general structural features of turbuler.® free jet

w8 L 2 well kn If we cor der .ae f)9. iesuiag irom
a simple, circular, convergent nozzle“, three major variations

#Because of the specific i:nverwdt in underaxpanded jots,
che conorgent nozzle was considcrca to be well suited to a
study of basic effects ~ince there is no dependence of the
degree of underexpansion on area ratio or nozzle divergence
angle. The following discussion is thus limited to convergeat
nozzle flows, and the description of certain aspects zuch as
shock formation is not to be considered generail.
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5

of the flow pattern are possible, depending upon the pres-~
sure ratio through the nozzle, (Although a properly expended
Mach 1 Jet can exist in principle, it 1s nnt treated in the
preseiu discussion.) The idealized structural fcatures of
each of these variations as w:ll as the nomenclature and
aymbcls used to describe these jets throughout the remalndar
of this report are shown in Figure 1, The pressure ratio
values given are for air. A typical schlleren picture of
each Jjet type is shown in Figure 2,

. IR

2.1.1. Subsonic jet. A region of turbulent mixing between
Jet and ambient fluild begins to form a short distance away g
from the noczle 1lip. Radial diffusion or spreading of this .
region continues both inward and outward as the distance -
downstream increases until finelly the inward diffusion
reaches the Jet axis. At this point, the "potential" core
ends, but the outward diffusion and entrainment of ambient
air continue., After a so-called "iransition" region, at a ;
point somewhat farther downstream, the decay of axial veloc- '
ity on the center line and the radial spread of the velocity
profile behave in a manner consistant with the self-similarit) i
of velocity profiles from that point on. The jet 1s now said i
|
t

i

to be fully developed., For air, the jet will be subsonic for
isentropic pressure ratios 1 > p-/bgc .528. Throughout
this range it can be assumed that p,/p, = 1.

It should be noted that an ideally expanded supersonic
Je*, which contains no shock we.ez, ha. essentially the ssme
structure as the subsonic jet. Effects due tc oocmpressibility,
however, become much more importart in deiterminiag the core
lerigth and decay.

e

o g T

*"Ideally expanded" refers t. a properly exvanded jet ‘
issuing from a nozzlz with zero exit divergence angle, 1.e. !
with parsilel flow at the exit, l




FVRRONTRE LT S G P -t e e

Stu. 1
Core X¢ fTransition
(VC - Vcl - Oonat) _'___,/
0o T EEEE;;; _ i
ch — N _Vl ] - - r /
Mixing region +5 ,,//
v,
Subsonic jet - - . ‘5‘"‘
777 1> p 0, > 528 T -
PP, =1 T~ i
'L ’l_ _' - /..‘/ i .
]
I Shock "cells" i

Mixing region

Oblique shocks
Moderately underexpanded jet
.48

, > P/Psc 2 +26
; 1.1 < py/P, S 2

Intercepting Reflected oblique shock
',oblique shock

Hlxing region
, SONT INASSZ .
- 54 §< ¥é22_) PSS

O Normal gpook.diak

7t | Py 8lip 1ine NOblique shocks '
O pg ———————
/72 - o- e
Highly underex ded Jef.
) 26 3 9. /P8 > 0

25P/Pe <=

Figure 1, Three major v.riations of Jjet flow from - sonic nogizle.

B i L

=iy PPy




nau ———

St Al

—— s - A~

Hiaznly underexpandea jet: b]/ﬁw = 3.57

Figure 2. Schlieren photographs of typical jJet types suown in Figure 1,




2.1.2., Moderately underexpanded jet. When the sonic, or

critical, pressure ratic 18 reached, a very weak normal
shock foirms at the exit. This shock diminishee in size
rapidly with increasing preasuse ratic, however, and at
Py/P, = 1.1 the ramiiiar patt~:n of "shock diamonds" or
"oells" composed of intersecting obligue shocks is estab-
1ished in the core. Except for a lengthening and broadening
of the first few cells as jet pressure ratlo is increased,
this structure persists until p,/p, = 2." e term "moder-
ately underexpanded" is used herein to denote jets within i r
this pressure ratio interval (1.1 < p,/p, < 2). Because of
the additicn:l expansicn required in the wneconfined jet fliow
beyond the nozzle, the boundaries of what .as once the
potential cors, in the subsonic case, are now determined by
the requirement of pressure equilibrium between the outer-
most portion of the flow within the shock structure and the
surrounding ambient air. The initial underexpanded condi-
tion and the accompanying shock pattern result in a flow :
which soon becomes overexpanded at a point in the central : ;
portion of each cell, In this region, the local Mach nmumber .
exceeds that which would obtsin in a properly expanded Jjet
with the same pressure ratio pl/h.. The inward diffusion
of the mixing region, however, does continue, although to a
relatir~ly lesser degree at first, and ultimately results
in the complete dissipation of the shocik dominated core. o
{Tn the absence of viscous and shock effects, the
Tlow wonld continue a sequence o expantion t¢ overexpansion
anl recompression to underexpansion.) Because of the gradi-
euss of pressure, density, ané Mach number that oxist in
the core, the impingement of this nsortion oi such a jet

i

®Although the value of 31/« =~ 2, at which the ncrcal
shock d!-iz reappears for a soni:. 2xitv, has been predicted
analytically and verificd experimentally by several authors
see, e.g. [11]), any dependence mn interference and stability
effects does not appear to have been investigated specifice’ly.
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might be expected to result in surface pressure distributions
that are quite sensitive to impingement distance. Downstream
of the core, of course, after the Jjet has tw=come subsonic,
the impingement behavior should be sim."ar to that of a
totally subsonic jet,

Within the moderately underexpanded range, effects duc
to instabilities in the over-all jet flow [leld are ususlly
found to have an increased influencée in determining its decay
and spreading characteristics, both actual and measured,

This problem is discussed in detail in 2.2.4.

2,1.3. Higihiy vwnderexpanded jet. At a préssuve ratio pl/b“
of approximately 2, the form of the shock structure it the

initial cell begins to change. Along the centerline, where
the expansion is a maximum, the pressure becomes 8c low (or
the Mach number so high) relative to ambient pressure that
the recompression possible in the remsinder cf the cell
through the existing oblique shocks 18 insufficient to raise
the pressure (or lower the Mach number) to the required i :
initial level at the end of the cell., In order to provide {
the required cowpression, a normal shock disk forms on the
centerline. As the pressure ratio pl/h. is further increased,
this nomal shock increases both in atrength and diameter,
At the ..aoe time, the original oblique shock structure is
maintained in the periferal region, although altered some-
¥hat in strength and shape due to the adiliional expansion
1equired and the presence of the normal shock., For very
high pressure ratios, the normal shccl dominates the struc- L
ture of the first cell. For exezmple, with p./p, = 20, 1t ‘
comprises about 40 per cent of the total cross-sactiunal
areu within the jet bowncaries [17]. It has also beaen .
found {11] that the pressure rati. - which the normal shock ;
disk reappears is not ir.ariant with exit Mach number and !
nozzle angle, The value pl/b“ = 2 applies only to a sonie i

|
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Immediately downstream of the normal shock, the flcw
is subsonic. Since the surrounding flow in the oblique
shock region remains supersonic, a slip line exists at the
boundary between the two concentric regions, For a falrly
high degree of underexpansion, say pl/ba:z 4, the centrzl
subsonic region is quickiy accelerated so that approximately
sonic conditions prevail near the beginning of the second
cell, In this case, the second cell may resemble the first
and even require its own normal shock. For very high pres-
sure ratios, the structure Jjust downstream of the first
cell is not well defined (for a recent investigation, see
{17]). Howcver, it is probable that the jet will be
dominated for some distance downstream by tne very string
normal shock in the first cell. Ultimately, 1t decays
through a structure with only obligue shocs., The mixing
region surrounds the core as usual, but its radial diffusion
rate is small at first with the result that the effective
core of the highly underexpanded Jjet can be extremely long,
It should be noted that while a strict definition of core
length for any underexpanded jet may be given as the point
at which the shock structure dlsappears, effects due to the
instabilities present make this point difficult to define
for a real Jjet, The downstream behavior in such cases,
therefore, is best given in terms of the point at which the
core's influence ceases, As in the case of other jetb
strengths, this may tc vaken as the point beyond which
velncity profiles are self simil.»,

2.2, Experimental program.

Since each of the three major jet variavions deccribed
above was expected to exh+‘blt an iwpingement behavior some-
what difrerent from the others, a tvoical case repreaentuot.ve
of each segime was choser for detailed study. Values of
radial spread and axial decay for 2ach of these jets were
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used later to correlate the results of impingement measure-
ments made using jets with these same strengtha. The Jets
used to provide these correlation data are listed below.

The ssure ratio for each is given in tvo ways, viz,

pa/bao and pl/p., where p_ 1s the ambient pressure intu
which the jet exhausts, p,, 1s the stagnation pressure in
the settling chamber, and p, 18 the static pressure (assured
to be constant) in the jet exit plane,

Subsonic jet:
pJpgc = 0834

PPy =1
n - .52

Moderately underexpanded jets
PPy = 372

P/P, =142
¥ =1
Highly underexpanded jet:
p./bgc = 148
Py/Py = 3.57
H1 =1

Velocity profiles of each of the above list~rd jats were
measured at several axial locations. These locations wers
chosen to repressnt each of ths .2nicns of basisally differ-
ont sirsture within a typical Tre: jet of high subsonic
Mach number. They sre iisted in terma of nogn'e diameters

b
1
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dN downstream from the exit as follows:

§
“/an Region of typical subsonic Jet
1,96 Core l
7.32 End of core (transition region) f
23.50 Pully developed |
39.10 Fully develuped

In addition to the cases listed above, a number of
others were studied in less detall, The entire pro_ ran 18
tabulated in Aprendix 1.

2.2.1. Apparatus and instrumentation. A convergent .10zzle
with an exit diameter dN = ,511 inches and exhausting to

atmospheric pressure was used. This nozzle was mounted on
a 4,75-inch 1.4, settling chamber which was supplied with
air from a storage tank through an automatic regulator
valve, The maximum storage pressure was 220 psig and the
maximum settling chamber stagnation pressure was 125 psig.
The settling chamber and nozzle are shown in Figure 3, which
alsc shows the flat plate model used in a portion of the
impingement studies descrived in Section 3.

I..cal velocities were computed from measured P!*ot and
static pressure profi’es, The Pitot and static pressure
Frot 8 used were mounted on a common bs~e which could traverse
tnhe jet in a vertical plane at any sxial location up to abouvt
6C nozzle diameters downstream from the exit, Both probe i
tine were made of ,032-inch c.d, stainleas staeel tub’ng; the
Pitot tip was cut off square, and che static tip was a |
tlender ogive with two .Ul35~1inci- holas on oppocite sices
5/16 inch from the tip. A sketeb .. this prodbe and its
mounting is shown in Fi,ure 4. Pressures were msasured on
liquid manometers or with Bourdon-type test gauges according
to the pressure level encountered, Readings for sach run were

|
|
:
|
k
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recorded photographically. The stagnation temperature was
measurad with a barc copper-constantan thermocoup ~ in the
gettling chamber,

Phetographic studies of the jet wiere made using sevei..l
techniques. Schlieren plctures and shadowgraphs were taiien
with both continuous and instantaneous light sources., A
coaxlal type spark source with a duration of less than
1 usec was used. The basic opticual system was of the usuval
single pass, off-axis, parallel-light type employing two
spherical mirrors of 6-inch diameter and 60-inch focal
length. In addition, a limited number of pictures :ere
taken using a mnre sensitive double pass uonincident system
with & single mirror. While the resolution or these laiter
plctures is inherently less than that achieved with t.e
single pass system, the extra sens.itivity provides a useful
qualitative picture of certain structural features (see
Subsection 2.2.3.).

2.2.2. Results of velocity profile and photographic studies.
Results of the free Jjet measurements for each of the szucie-
fled cases chosen for detailed study sre presented in the
following paragraphs. Basic data for these and the remain-
ing cases tabulated in Appendix 1 are to be found in
Append! . 2,

For each typical ftet, tie weasured total and static
pressure profiles are presented with a spark schlleren
saotograph to the same scale showing that jet for the {irst
1C nozzle diameters downstream (Fizures %, 7, and 10),

Botvh total and static pressures arz plctted in the form of a
pressure coefficient expressing the local value as a percent-
age of settling chamber gauuge pre~amre, The local total
sressure 1s pg and the local stai.. pressure is p..
Velocity profiles, and =;reading and decay char~cteristics
calculated from the pressure msadurements are given 1in
Figures €, 8, and 11, In Pigure 12, the spreading churacter=-
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istics of all three Jjets are replotted together in order to
emphssige certain basic differences,

Local velocities were computed on the basis of the
measured local pressure ratio and the measured stagnation
temperature with the ald of compressibl. flow tables. The
pressure ratio at each point wus evaluated from curves
faired through the data for each preuure.' Because of the
uncertainty in locating the true mean axis of symmetry
before running the jet, the probes siere traversed through a
range well to either aide of the assumed axis. The true
Jet axis was then taken to be the axis o' symmetry ol the
measured profile. The data were then replotted with refer-
ence to this Lrve axis and the curves drawt.. In some cases,
the radial traverse extended outward only far enougl:. to give
a proper determination of the spreading parameter r.s. the
radius at which the velocity is one-half the maximum value.
In Figures 5, 7, and 10, a number of data points have been
omitted to avold crowding. The velocities shown in the
profiies of Pigures 6, 8, and 11 are nondimensionalized on
the maximum velocity, even if it does not occur on the
centerline. The radial coordinate is nondimensionalizes
on r g. In the plot of decay and spreading behavior, the
velocity on the centerline ve is given az a percentage of
its value Vol at the nozzle exit. The canterline value of
the tote™ pressure coefficlent is also plottad, Specific
structural feztures revealed Yy the pictures and data for
each of the three jets will now be discussed,

Subconiz Jet (M1 = .52). The pressure and velocity profiles
of ¥igures 5 and 6 clearly reveal tihe expecied *iuctural
features. The core with its profile of unifori. velocliy near
the centerline (x/du = 1,96 and 3.92) and the fully developed

region witl. self-similar profiles( :,:'d_-i; = iies 23.5,39.1, and 58.7) Lave

*Pos the subsonic ca.e, the static pressure vas measured
only for the three stutions farthest cdownstream, At cther
pcints, 1t was assumed that p.,,, ~ P
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Flgure 5, Measured [f-! total and static
rregsure distributions.
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the usua’ . pearance.‘ Although the decay curve (vc/vcl)
shov~ - x/d.N = T.32 station to be in what is probably
the trar sition region, the velocity profils does not exhibit
any noticeable core effect. Downatres: of x/dN =11, ¢t~
decay is seen to follow a characteristic incompressible
1/x-dependence quite clossly. If this curve is extended uack
upstream to a value of unity, thus negleea.ing the transition
region, an apparent core length xc/d“ of about 7.5 is
found. While this is in approximate nume" ical agrecment
with the results of other studies for similar subscnic Mach
numbers, the meaning of such abaolute comparisons ‘2 limited,
ever for suivsoric Jets, by the secondasy eifects already
aentioned. The experiments of Warren {2C], tor exunpic,
wita M, = .69, give a core length 30/(‘1! =T.2 wi‘h a
value of x/dN = 10 for the start of the fully developed
region, Since this shorter core length with a higher Mach
number is in contradiction with the usually observed core
length-Mach number dependence, it is possible that differ-
ences in the secondary factors affecting the two experiments

may be important enough to account for this apparent :>-omaly..

This 18 not to imply, however, that experimental errors
could not account for a difference of this magnitude,

The spreading behavior is best observed on a plot of
r s/r. as a function of :./dn (Pigure 12). It 1= meen
that the initial spre=dinz sate decreases slightly for the
firat four or five nozzle diameters downstream. The rate
caen ir “reases until, at x/d. =~ 11, it decowes fairly
constant, A “transition” region defined In the interval in
which the spreading rate is chenging most rapidiy iz seen to

#Strictly speaking, "fully -icv+loped” self-similar
velocity profiles imply a fixzed ::” :i{lonehip between opr2ad-
ing and adecay rates. However, dacauwse it 1is diffisult to
detect and confirm smaly deviations from self-.‘milarity in
the present data, "rfully developed” is used only in a
relative sense in thesc Jdiscussions.
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match very closely a region similarly defined on the basis
of the decay curve, i.e. 5 < x/dN < 11, (Note that a
different transition region is showr achematically in

Figure 1. In that case it wac defined as beginning at the
end of the core as a convenlence in designating the ideal-
ized core length.,) In the "fully developed" region

(n/dN > 11), the data indicate continued slight deviations
from a truly linear spread. While it is felt that these
deviations exceed experimental error, it jis not posaible to
conclude how much the spreading rate actually varies because
of the unknown magnitude of jet stabillity and turbu.zsnce
effecta. It is shown that spreading ratcs based on measured
static pressure, are slightly higher than those based on a
constant ambient static pressure, If a constant spreading
rate 1s determined by a straight line fitted among the three
points farthest downstream (x/'dN = 23,5, 39.1, and 58.7),

a spreading angle of 5.5° is found. Using the ambient
static pressure data, the angle is 5.2° In etther case,
these values exceed Warren's result of 4,.1° by an amount
that is probably more than should be expected on the ba:sis
of the Mach number difference alone., Warren's data however
are based on surveys downstream only to x/hu = 25, Using
the present data for a similar axial interval, with the
static gressure assumed equal to ambient as in Warrui's
case, an angle of 4,:° results. Only if one can assume
tort differences due to seconda“yv effer.s as w2l as Mach
nunber are small for the interval of axial distance and
Mach number being considered, can it be conclude? that the
ag:eement is quite good.

The schlieren picture shows the ciharacteristic subsonic
trrbulent Jjet mixing region, inciusi'rg the initial stages or
the mixk!~3 procens just outside th: nozgzle exit. The core,
however, is not readily discernable because ¢" 'he three-
dimensicnal visual blocking effect of the mixing disturb~
ances (cf. the continuous light schlieren picture shown in
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Figure 2 for the same case, but made with the double pass
system, in which the core is more easily recognized),

Moderately underexpanded jet (g;/p»m 1.h2), Effects due tn
underexpansion are at once app;rent, especially in the axial
decay curve (Vé/Vgl) of Figure 8, The centerline velocity
is observed to be supersonic in the core rcgion at the three
pointa chosen for the measurements, However, because of

the local veloclity variations to be expected within the
length of each shock cell, these three points alonc are
insufficient tc show the detailed core structure, and the
curve througn them is thus drawn dashed. .lthough additional
measurements of velocity were not made in vhls regisn, the
highly detailed survey of Pitot pressure shown in Figwre 39
is indicative of the kind of axial variations to be expected.

The velocity profiles show clearly the local effects
of expansion in the core, At x/dN = 1,96, for example, the
central portion of the profile ie seen to be supersonic., In
addition, there is a marked radial gradient of velocity with
the peak occurring some distance from the centerline, Super-~
sonic central portions are also observed for x/hn = 3,92
and 7.32, although the position of the peak velocity is
different in each case., For x/hN = 11,7, the profile is
subson. . throughcut, but still shows a slight flattening
near the centerline. Avppa.ently fully developed subsonic
profiles are observed for x/aN - 23.5, 39.1, and 58.7.

Tha behavior of the measured spreading parameter
r,5/fy 18 different from that observed for the subsonic
Jet (see Pigure 12), Beginning st an axial distance of
about 20 nozzle diameters downstream, and continuing to at
least 40 diamecers, the .preadine rate in each axial portion
is substantially higher, Parthe:r 7.<nstream, the rate
decreases. As a means -~ comparing apparent changes in
spreading rate in different regions of the jet, several
spreadirg angles have been computed., In the interval
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Figure 7, Measured Jet total and statiz
preseur: distributions,
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§ ¢ /a4, < 20 the angle is only 3.0° but for 20 < x/d,, g 40
1t 18 7.4%, Using the two pointe farthest downstream
(x/dy = 39.1 and 58.7), an angle of 4,8° pesults for the
data based on measured static preesw'., with an angle aif
h.5° for the data based on ambient static pressure, It

is believed that the increased spreading observed nearest
the nogzle exit (x/a" < 4) 18 due to the widening of the jet
as it expands on leaving the nogzie. Throughout the remain-
ing region of high spreading rate (out“to, say, x/’dN = 40)
there is reason to believe that the observed rates are at
least partly the result of jet instability. Phot:iraphlc
evidence 1n support of this bellef is Aiscussed in 2.2.3,
The possible consequences of instability effects insolar

as the measurements are concerned can only be sugge.ted
qualitatively (see 2.2.4) on the basis of the present data.
Far downstream, the return to & lower spreading rate more
typical of an incompressible flow appears to be consistent
with expected trends.

Of particular interest in the pressure distributions,
shown in Figure 7, is the behavior of the static preusure in
the core region (also see Pigures AII-9 and 10). At
x/hn = 1.96, a strong radial gradient is observed, with a
maximum pressure on the centerline which is considerably
h'’ghe.- than ambient, and a mininus pressure near ... edges
of the jet which 1s '~wer chan ambient., At points farther
downstrean, the central peak remains, ut the osvar-all
rressure level in the core drops lelow ambient pressure,
rinally, at a point beyond the end of the core, the central
F2ak disappears and the over-sil level gracually inlreases
toward the ambient value., While this behavior is qualita-
tively, both axially ana radisl’y, the same as that found to
exigt In subsonic and properly eox;.cnded supersdonic Jets
(see, for example, [2C.), a comparison with +“r present case
can be misleading without further clarification. An axial
survey of centerline static pressure was made, therziore, to
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help in understanding this situation. Figure 9 presents

the results of this survey for a subsonic jet (pw/pgc -
.552) as well as the underexpanded jet (pl/rw = 1.42) in
question. The core shock structure for the latter case is
sketched to scale 80 that the piessured may be referred to
their approximate locations in the jet. The dashed curve
interpolated among the data is, of course, only a qQqualita-
tive suggestion of the actual behavior, Aa such it is based
not only on the measured points, but also on the assumption
that minimum and maximum pressures occur near the center and
end points, respectively, of each cell. In any case, the
extreme gradients within the core are clegvrly evident, and
it is seen that the values found during prorfile measursments
(solid symbols) cannot be interpreted as indicating a
smooth variation in the axial direction. Also of interest
is the fact that the measured pressure at the center of

the jJet exit plane ((p1 - P.)/(ch -p,) = .91 at x/dy = 0)
is higher than that indicated by the ncminal pressure ratio
P,/p, = 1.42 (or (p; - p.‘,)/(pf:c - p,) = .247). In aadi-
tion, the axial variation near the end of the core and
farther downstream closely resembles the typical subsonic
behavior. It is therefore suggesated that the extreme pres-
sure gradients due to shocks are modified by a superimposed
rriia) - ‘1 axial distribution which is similar to that
existing in a subsonic or roperly expanded supersonic
curbulent jet. Velocity profiles determined from the pres-
sure ratios at an axlal station in the thock structure
wuuld thus reflect a combination of two effeccts (resulting,
e.z. in a peak velocity off the centerline), uuc would, of
ccurse, be expected to vary in shipe from puint to point
along the axis. The pr.liles shown in Pigure 8 for the

core atations, therefore, are nct ricesasarily representativs
of a smooth transition -f profile shape from one axial loca-
tion to aunother,
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The spark photograph of this Jjet, shown in Figure 7,
reveals some diatortion of the stable core structure as
early as the second cell, Farther downatream, the core
becomes highly unstable, and the shock cells appear to
break up and diffuse into the surrounding wixing region,

In the continuoua light picture of Figure 2, which portrays
the time-average appearance, the downstream cells are more
easily recognized, Weak sound waves emanating from the
mixing region can be detected in the spark picture,

Highly underexpanded jet (p3/Pw = 3.57). It is clear from
the velocity profile and decay data (Figure 10 and il),

that the distinguishing structural featurs of thie jet in
the upstream region is the normal shock disk in the first
cell. The picture shows that this shock occurs at x/dy =
1.58, Just downstream of this point, at x/dy = 1.96, the
velocity profile exhibits the expected subsonic central
region. Within this region, the minimum velocity appears

to occur just inside the slip boundary, while the peak
subsonic velocity lies on the axis, In the surrounding
region of supersonic flow, a peak Mach number of 1.9 is
reached, which, coincidentally, happens to correspond to the
Mach number for proper isentropic expansion to pllbgc = 148,
It 1z f«1t, however, that at a point somewhat upstream of
this, an even higher ‘ach number associated with an over-
expanded condition should exist. The photographs of Figure
10 and Pigure 2 both reveal an upparen. nocmal sheek in the
se2ond cell at x/du = 3,3, 8lightly dcwnatream of this
wint, at x/'dn = 3,92, the velocity profiie v2sin shows a
suisonic central region, although ¢he radlal. extent is much
less than it 1s for the x/4, = 1,36 case, At x/aN = 7.32,
tae entlize central region is supsrsauie, but the maximun
velocity still does not occur cn the centerline., In this
respect, the profilse is similar to some of those found in
the core of tiar »derately underexpanded Jet. A subastantiad
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Figure 10, Measured Jet total and static
pressure distributions.
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supersonic core remains at x/dN = 11,7, although, at least
at this specific point, the peak velocity lies on the axis.
While the oblique shock structure in the reg'con between the
las% normal shock and the end ¢l the co»+ way not consist

of well=-defined cella such as tl:sse tound in the moderately
underexpanded case, it is likely that whatever shocks are
present will produce local periodic changee in the velocity
profile as long as they are of sufficient strength. Thus,
no smooth variation from profile to profile should be inferred
&> the data presented for this region. Farther dewnstream,
it 18 observed that the centerline veloecity is Jjust subsonlc
at x/'dN = 22.5, Reference to the spreadirc parameter
(r.5/bm) behavior and the velocity profilex ey the x/dﬁ m
23.5, 39.1, and 58.7 stations reveals that a2 fully developed
Jet flow may not occur short of at least 30 or 40 nozzle
diameters downstrean,

The results of a highly detailed Pitot pressure survey
on the centerline of this jet are given in Figure 39. This
survey is indicative of the local effects due to the normal
shocks present and the subsequent oblique shock structure in
the core. Of particular interest is the substantial recovery
of Pitot pressure relatively far downstream,

In order to verify the presence of a normal shock disk
in the s~~ond cell, some additional Pitot-static pressure
measursments were made on the centerline at selected points
in the region of interest. The Mach number distribution
remuiting from these msasurements 1is sho«n in Pigure 10,

The subsonic region just downstream of each normel shoock 18
apeirent. It 18 interesting to no%tc the sharp .acrsase in
Macl nusber from .45 to at least i.2 Jjust upstrear of
the second shock,

The vzloeity spread data for ¢hia Jet (Pigure 12)
reveal a somewhat erratic bshavior., In the region immediate-
ly downstream of the nozzle exit, the bulge observed is
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consistent with the boundary shape assumed by the expanding
flow in the first few shock cells, BExcept for slight devia-
tions, the spreading rate is then essentially constant for
a considerable distance downs*ream (x/dn = 4§0), 1In the
interval 4 < x/dy < 12, the “preading ansgle is 2.5°,

and for 12 < x/4; < 40, an angle of 3.9° 18 found using
the data for measured static pressure. The very low apread-
ing angle for 4 < x/dy < 12 1s in agresment with the sligh®
apparent spread observed in the schlieren picture for this
case in Figure 2, Downstream of :/d“ = 40, th¢ measured
spread increases, Although an increase in this region seems
to be consistent with the appearsnce of essentially fully
developed voiocity profiles at x/d“ = 2.1 and 53,7, the
angle of 6.0°, based on the two data pointa, is somewhat
higher than aight be expected for such a region of subsonic
decay.

The continuous light schlieren picture of this Jet in
Pigure 2 reveals 2 structure downstream of the second cell
that seems to differ somewhat from the relatively well-defined
oblique shock cells observed at lower pressure ratios,
Although oblique shocks appear to bLe present, the struociure
is maore like that of a properly expanded supersonic Jjet with
Mach waves in ites core,

2.2.3. Specjal achlieren study of underexpanded Jjeut. A
series of continuoue iight schlieren pictures was taken

usding the high sensitivity doube~pass -oincidu.it optical
sy3tew. In this series, the jet pressure ratio pl/p. vas
varied in smsll increments throug!: a range frea 1,00 to
moxe than 4, 1In Pigure 13, a sele~tion of t'.ese picturss

1z shown in order of incressing presswre retio. (A subsonic
case 1s shown for reference.) Tt i: observed that an intsnai-
fied iug - of the mixing region is obtained. DPecsuse of the
relatively long exporirz time (1/50 sec.), thio image is
representative of the time average appearance. It 18 at or.isc
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apperent that there 1s considerable variation of the observed
apiwac of the jet as the pressure ratio is changed. This
variation is interpretead as being due to changes in the
atability characteristics of the entire _ at flow fleld.
Although the instantanecus detaiis of the structural degrada-
tion of the jet due to instabilities are readily observed in
spark pictures, the intensity or amplitude cf the motion la
difficult to interpret from single pictures bacause of 1its
three-dimensional nature. The pictures of Figure 13, there-
fore, are useful in making gualitative couparisons of over-
all stabilicy effects for Jets of dAifferent strengths It
has been demuistrated [19) that the stabiliiiy of a given jet
cahi depend not only upon the pressure ratio, but also upoi
geometric or interference effacts as well as the oross-
coupling of acoustic disturbances generated within the Jet.
Because of this dependence, it is probable that the changes
in stability observed in Figure 13 are unique for this
particular test apparastus., As an example of this uniqueness,
it has been found that the proximity of the mirror (about
4%) to the jet in this optical setup produces a shift in
what 1s believed to be a region of high instability in the
Py/P, = 1.42 Jet. A curve of spreading parameter measured
with the mirror in place is given in Figure AII-14 in order
to 11llust _te this effect, The corresponcing change 1> the
decay curve (Figure AII-16). niwever, 1s relatively small,
This 18 consistent with the a2ssumptions ahosut stahility
errccts on profile measurements discussed in 2.2.4.

As the pressure ratio iz increased, two distinct rangos
are uoted in which the instabilicy avpcars to de very intensc,
An increase of pressure ratio from i,15 tc 1l.42 and then
further to 1.59, spens tie first =uch range, with the
pI/p“ = 1.59 case appearing o be 1: stively etable. A
sccond range of even grest-r instability seems to center
about the cace for px/b. = 1,84, AL a pressure ratio of
2.00, the normal shock disk 1s rirst observed., Within che
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region covered by the pictures, the degree of instability

appeare to lessen with further increases in pressure ratio
above 2, It should be noted that although the jer chosen

(’91/’- = 1.,42) ror detailed study in the woderately under-
expanded case appears to fall ¥'thin orne of the ranges of

high instability, the behavior shown ir the picture 1s not
in itself conclusive deacause of the aforementioned mirrar

proximity effect.

The time-average appearance of the cors shock utruoture
is alsc of interest. As 2ight be expectad, the wmore unstable
Jets show fewer well-defined cells. The contrast is particu-
larly great btetveen the cases for 91/1’. = 1,59 and 1,84,
Once the normel shock occurs in the first <311, there 18 a
gredual change in the appearance of cells farther downstream.
At first, these cells seem to follow the charscteristics-type
of pattern used as a model for the moderately underexpanded
Jet. However, between the pressure ratios 2.59 and 3.57,
the regular cellular division seems to give way to & more
continuous pattern of intersecting oblique shocks.

2.2,4. Pactors affecting profile measurements. The velocity
profiles upon which the jet spreading and decay results are

based were, of course, determined from measurements made with
Pitot ard static pressure probas, Inhsrent in such measure-
ments are certain limitations introduced by the properties
of the flow itself, In the case of turdbulent jets, the most
ten.rtant limiting factore are tiought .o bs the turbdbulance
in *he mixing region and the over-all jet instabiiity. (It
12 felt that aligmnment errors due to negleci oi Ly redial
component of the mean velocity and orobe "ang.e-of-attack"
errors due to the shear flow mean profile are of minor
imgortance.) Although no quantitztivs evaluation of thene
factors .; possidble on the basis of the existing data, some
general conclusions about the relative validity ¢f the
measurements should be poisible.,
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The pressure sensed by a scatic preasure orifice is
al'fected by tranaverse velocity components arising from
turbulence as well as any other phenvmenon having a c¢ross-
wise component. The magnitude and sign of the resulting
errcr, howsver, depend c¢n a complex reaationship among
probe size, turbulence 8cale, and the magnitude and space
correlation of local velocity fluctuations. In general,
therefore, the validity of the static pressurs measurementsa
can be assumed to be the greatest in regions of the Jet
where turbulence and inatabiliity are the least relative to
the magnitude of the mean motion, namely, in the upstieam
regions.

In many cucses, jet velocity profiles are determined
from the measurement of Pitot pressures alone, wlth tae
static pressure considered to be constant and equal o
ambient pressure. In the present experiments, in which
statlc pressurea were measured in most cases,it 1s possible
tc compare profile paramcters determined in both ways. In

Pigure 12, values of the spreading parameter based on ambient

static pressure are shown for several cases. It is seen
that a2 somewhat larger spreading rate results when measured
static pressures are used, It is not possible, however, to
deteraine the degree to which these measured pressures
actually contrivute to the dstemination of a true profile
becaus.: the measurements are most in doubt where th:; can
have the greatest infl:ance, i.e. in the outer portion of
the downstream region where ther appror.h the wagnitude of
the totel Dressure level,

While total or Pitot pressure measuremsnts ars also
ai'fected by twrbulent velocity components, i% iu felt that
o7er-aii jet instability effects may be of greaier impor-
tance in some of the present cas:2. In such cases, the
responss of the Pitot tube at sach point in the profile can
be considered to be tha¢ resulting from a flurirating veloc-
ity at tirt point. If it 1ie assumed that this respornse
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represents the time-average value of the fluctuation, a
typical jet wmixing profile measured in this way will differ
from its instantaneous shape: Assuming a lateral disturb-
ance motion whnse mean ampiituds is distrihuted axiaymmet-
rically, the measured profile w-.l1d appear Lo be somewhat
flattened at the center and spread out at the edges.
Spreading and decay rates based ocn such time-average profiles
would, of course, be larger than those based on instantane=-
ous profiles,

Because of thse foregoing factors, 1t 1s oclsar that the
measurement, for example, of a high spreading rate for a
given Jet mav only be indicative of the fact that the jet is
highly unstable. The inatability would then have to be
either eliminated or evezluated by other means before the
true viscous spreading raté could be determined,

2.3. Discussion of results and comparison with theory.

The main objective of the foregoing atudy of free jJet
properties has been the determination of apreading and decay
characteristics to be used to correlate the results of
impingement experiments using the same jet apparatus. By
using such data in this way, the influence on the correla-
tion of secondary effects such as jet stability might be
expecte. o be minimized. Also of interest in this study
has been the general behavior and structure of free jets
tiizmselves, sspecially cases in which the jet 1is under-
expanced.

The results of the thrae typical cases presanted in
detail ir: 2.2.2 confirm & numbur of evpected siullarities as
well a3 important differences amcng the basic flow types.

In the core region of esci, jet, the differences are most in
evidence. The core of the suvsoni: 2zt is, of course,
determinnzd by the inward Aiffusion of the turbulent mixing
region, whireas the moderately undarexpanded jet has an
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addicional determining influence in the system of oblique
shocks present, For the highly underexpanded case, the
normal shock disk is a dominant factor in the local struc-
ture of the core, Beceuse of the very rresence of shocks
in the undererpanded cases, howcver, 1t is difficult to
specify a consistent criterion for core length that can be
applied with equal pertinence to all the jets. It 18 felt,
therefore, that the most meaningiul basis of comparison is
the downstream behavior in terms of the point at which a
fully developed turbulent mixing profile is observed., The
present data are sufficiently detailed to be used irn this |
way.

Usling the measured velocity profiles by themscivesz, it
is found that the subsonic Jet can be considered fully
developed somewhere between x/dy = 7.32 and 11.7. The
constant relationship between centerline velocity deeay and
Jet width or spread, which is thus implicit and which must
hold if axial momentum 18 to be conserved, 1s fairly well
confirmed in separate plots of these two parameters. The
moderately underexpanded Jet (pl/b“ = 1.42), however,
exhibits a profile at x/dN = 11.7 that still does not
match those far downstream., It has been pointed out that
this particuler Jet appears to be quite unatable and that ?
measures velocity profiles msy represent a distortion of
the actual instantaneous pr«f*le., Because of this, the
definition of a fully developed region is difficult., It
in zeen, for example, that the velocity prol'iles are very
clecme to being similar for x/hu = 22,5, 39.1, and 58.7,
while at the same time there 18 a marked decreaase in the
spr.ading rate in the same range. ‘'his situation could
result 1f jJet instabilitics wers stronger in the upstream
region and thus resulted in broader ~:iasured profiles there,
In fact, .r 1t is assumed that the measurements far down-
stream at x/'dN = 58.7 are relatively unaffected by instabi-
iity, it 1s found that thne over-all spreading rate reguircd
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to reach the measured width at that point 1s very nearly

the same asa that required for the subsonlc Jet at the same
point. The highly underexpanded Jet is apparently dominated
by a very long supersonic core, as8 shown by the low initial
spreading rate and the centerline Mach . aber survey. It i-
doubtful, in fact, that a fully developed region occurs at
all within the range of the measurements. Veloclty profilew
for x/dN = 39.1 and 58.7 are essentially simllar, but the
spreading rate between these points is higher (6.0°) than
that usually associated with a fully develop«d subsonic
mixing region.

A comparison has been made between the results ~f this

study and tlh¢ semi-empirical integral analywls of Warren [20]

based un Prandtl's constant exchange coeflicient concept.
This theory differs from the usual mixing length hypot'iesis
in that it defines the effective eddy viscosity or exchange
coefficlent € directly in terms of the mean flow proper-
ties. For a typical fully developed jet mixing reglon, it

i3 assumed that
4'f
€ = Kr 5(;2>
e\ 2

where K 18 a proportionality constant to be determined
experimentally. Warren found that K could be correlated
with H1 within his experimental range. This corrciaiion,
which was based on War:.i's data for both subsonic and
ideaily expanded supersonic Jets 13 giv.n by

K = 00430 - OMQ Hl

The principal cbjective of the present comparison is to see
how well the decay behavior of an .nlerexpanded jct may be
correlate with that for s jet that .o properly expanded at
the same pressure ratics. Although it i3 probar’.. that the
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relationship of XK and M1 is unique for a glven test
condition, the determination of such a relationship is not
within the scope of the vresent experiments.* Therefore the
comparison with Warren's method 18 carried ~ui on the basis
of his correlation of K and Ml'

In oxder to compare the meagured decay of a given under-
expanded jet and that computed {or a properly expanded jet i
the same pressure ratio p“/bgc , 1t 18 first assured that the
Jet exit locations coincide. The nundimensional axial
coordinate x/aN of the computed jet is theu based on a
diameter given by the area ratioc for proper isentropic
expanslion to the given pressure ratio with the throc“ area
ejqual te thai of the actual nozzle, Similuacsly, the ratio of
the exit velocity of the equivalent properly expanded Jet to
that measured at the sonic exit of the underexpanded ’:t is
used to scale the entire computed decay curve., The results
of this type of comparison for several cases are given in
Figure 14, It is seen that the degree of correlation is very
good for the subsonic jet, but somewhat varied for the other
cases, In Figure 15, the ratic of measured to computed decay

parametor (v; /VEch) is plotted as a function of 2le*
Ap
pressure rat.c in the underexpanded regime for several axial

locations,** Within a range of pressure ratios centered

about that for the formation of the riormal shock, the agreement
is no buiter than 60-70 per cent, For pressure retice

p1/b~ > 3, however, thi agreement is much better, It 1s aisc

*In fac ., it is possible that a better correlation can be
found 1f X 1is assumed to be a function of scme local Mach
nusder which 1s characteristic of the flow ab e¢uoil axisl statien,

»>e such Mach numbers which have been suggesteu are those on
the centzriine, on the dividing strsamiine, and on the stream-
iine at » 5e

HThe pressure ratio for appeG-.nce of the normal uhusck
shem In #igure 15 was determined from a plot of shock dlamcter
83 & function of pressure ratio by extrapolat!-:, the shock
diameter £ zero,
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observed that while the per cent agreement falls off with
axial distance, the difference in agreement due to the pressure
ratio effect is also less far downsatream, Since the theory
does not account for secondary effecats, these results lead to
conciuvalons that are Quite conaistent with those dbased on
photographic evidence and measured spre&ding rates alone,
nanmely, that jet instability effects may be large in the
moderately underexpanded range, and that such effects are
diminished &t points far downstream. It iz also evident that,
except in the noderately underexpanded range, the sepnd-
empirical method used for a properly expanded Jjet results in
a reasonably good approximation to the underexpands. Jet
within the runge of preassure ratios invcatigated, While the
core gshock structure can, under certain conditions, have a
definite influence on the stability of' the Jet, it ia apperent
that its over-all effect on decay rates is minor.

It should be pointed out that the known applicatlons of
Warren's method to properly expanded jets have usually been
restricted to axial distances of less than x/dN = 25, For
this reason, it is not possidble to verify that the method is
any better for properly expanded Jets far downstream than it
is {or the present underexpanded ones, The single polnt for
N = 515 at x/BN = 39,1 shown in Figure 14 1s, of course,
by itselfl inconclusive,
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3. IMPINGEMENT STUDIES

3.1. Basic flow characteristica,

Recent interest in ground effects aachines, V/STOL
aircratt, and the vertical launching and landing of rocksts
has led to a number of studles of various aspecte of the ji%
impingement problem. In addition, there lLas deen increased
study of certain industrial proceases involving heating by
impinging hot jets and flames. In the ground effects and
V/STOL rield, the need to understand impingement processes
has arisen not only with regard to increasing the vehicle's
1lifting eflzctiveness while in ground proximity [27-34], but
aleo in connection with downwash eroeicr effasts on the
ground below {35), Stuvdr of the ground erosion effect has
also been extended to tne prodlem of landing rockets on
hypothetical lunar and planetary swrfaces [36-40]), Problems
assoclated with the impingement and deflection of rocket
exhausts and the resulting loading of adjacent surfaces have
been treated both theoretically and experimentally [41-45),
The basic problem of determining heat transfer between
surfaces and impinging jet flows has also been investigated
in a variety of ways [46-59]. Oiher investigators have
euphasized the basic aspects of flow processes involved in
imping -ant [60-68] as well as certain special problems such
as noise gereration [69].

The flow field produced wher. za axially symmetric air
Jet impinges on a solid surface heid normal t¢ 1t consists of
tipree general regimes., First, thers 18 the jet itself, up-
stream of the point where any local influencet due to the
strong interaction of the impingesn2nt are felt., Thioughout
this regime, of course, Zecondarv effects (such as those
deseribed in Section 2) preduced t+ the impingement surlzce
wili wncoubtedly play = part in determining the exact Jjet
characteristics., 7The second regize of interect is the




e a4 A TN & SV dtanas ¢ o e e o e

30

impingement regime, wherein the flow properties are primarily
determined by the direct interaction of the jet and the solid
surface, It is here that the large gradients of pressure,
density, and veloclty associated with the rapidiy changling
flow direction occur, Once the flow has been completely
turned in a direction parallel to the impingement aurface and
is no longer influenced locally by impingement processez, 1.
enters the third basic regime, that of the wail jJet, Here
the primarily radial flow develops iito a fully dsveloped
wall jet characterized by an inner layer of boundary layer-
like flow and an outer layer of free shear turbulent mixing.,
It is probable, of course, that the character of at !=zast the
first two of i(ness regimes will be highly seasitive to local
chénges in °° structure of the impinging jet, especlaii; lou
cases in which an underexpanded jet impinges at close -ange,
Each of the basic regimes and the symbels used to designate
certain quantitiec are shown in Figure 16,

In order to estimate the heat transfer at the stagnation
point of an impinging flow such as that Just described, the
local radial velocity gradient (due/ar)r_o which appears as
a parameter in the usual stagnation point heat transfer
equation must be evaluated, This can be done experimentally
by relating the parameter to the static pressure distridbution
on the surface in the immediate viocinity of the stagnation
voint. ..suming the flow outside the boundary laycr to be
locally incompressible, the lical pressure in the laminar
bourdary layer may be written

0 1 2
P = Pp - B0, (1)
or d
du o
d e 1.2 Ve
+= e, - HG T (2)

where yg is the total pressure at tne stagnation point

(1.e. where u, = 0), v, 1s the velocity at *-. edge of
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the boundary layer, and Pe i1s the local density. Neglecting
the second term on the right, since dpe/ar = 0,
. 2
S Y 3 ()
dr €e ¢ \a¥
At r = 0, u, = 0, 80 that
2
2 du
(88) --(=) ()
ar r=0 =0

Thus the parameter in qQuestion 1s proportional t¢ the sgquate
root of the curvature of the preassure 2istribubtion at the
stagnation point, For the purpose of evaluating (duﬁ/dr)r“0
directly from measured pressure data, however, an alternate
form of this relation is derived directly from Equation 1
making use of the equation of state pg - peRTp. Thus, expand-
ing u, in a power series sbout the stagnation point r = O,

2——=l~lpe 2.

us
'9% 2 ;g e
1 Pe (-] 2 2
= 1 - r (5)
335 @) o

2 . -
13 E) ®)

< 1s the wetted radius of the impingement surface,
£ is the stagnation temperature .& the flow, and R 18 the
specific ~as constant, Solving fo» (due/ar)r_o

e
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The evaluations of this pareameter for a nupber of impinge-
ment conditions are given in 3.2.3. The experimental program
18 described in detall in the next subsection.

3.2. Experimantal progrem.

The bulk of the experimental progran was deveted he a
study of the normal impingement (a = 90°) of the three basic
Jet typess described in Seoction 2, Each of these jeis was
iapinged upon four different model shapes and the stagnation
region pressure distributions determined, Stagnation point
radial velocity gradients were then computed, In addition,
two methods of nondimensionalizing the measured gradients in
terms of known jet properties were evaluated, One such
method was based on conditions at the Jjet nozzle exit, and
the other on local conditions at the impingement station in
the free jet. These nondimensional forms are discussed in
3.2.3.

The threes jets used fcr the impingemsnt studies were as
lisrted in the discussion of the free jet program in 2,2,
cauept for the subsonic jet which nad a riegligibly diftsrent
pressure ratio, 1.e. p_/pgc = 800 rather than .834, The
Goearately undervexpanded jet had fu/pge = 372, and the
highly underexpanded jet had p.l/p;,"c = ,148, The impingement
dlstances chosen were alz: the sgme as those for the free
Set expei'iments, 1i.e, x/du. = 1.56; 7.32, 23.5, and 39.1.

In addition, several oth+~r locations were used in order to
f11l1l in data in regions of specilal irnterest. 7The entire
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program of normal impingement cases, which included measure-
ments of over-all surface pressure distributions and certa’n
additional studies with the flat plate mods), as well as the
detailed stagnation region mezsurement~ is tabulated in
Appendix III, An additional poogram devoted primarily to
the study of impingement on the flat rlate at oblique angles
(a < $9°) 18 to be reported ssparately.

3.2.1. Apparatus and instrumentation. Excapt for the impinge-

ment models themselves, the test setup was exactly the same
as that used ror the free jet studies (2.2.1). In Figure 3,
the nozgle 1. shown with the flat plate model mounted in
position. The mounting wes designed so tixt fine centering
adjustment could be made either horizontally or vertically.
The impingement angle was adjusted by means of a jack screw
which rotated each model about a horizontal lins passing
through its stagnation point. Axial changes in impingement
distance were made by shifting the entire model supporting
structure to the desired location along two stesel angle
rails at the bottom. The mounting as a whole was made to
be rigid enocugh to minimige deflection under jJet dynamic
loading, while at the same time having the main members as
far removed as feasible from the impingement region so as
to min’ ize the possibility of interference with the flow.

All of the impingemer* models were wmade with the same
wetted diameter, i.e, the distance along the impingement
ourface from edge to edge througn the center, This dlstance,
t:sed on a hemisphere model diameter of 6 inches was 9.42
inches. The individual model chasacterisiics “cre &8
foilows (see Pigure 17):

Fls: plate: Aluminum disic, 1/ inch thick and 9.42
in Les in diameter. 27 prawcurs taps along vertical
diemeter and 15 along horizontal diamet-:.
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Convex and congave hemispheres: Fiber glass-epoxy
resin molded shells, about 3/8 inch thick and 6 inches
in diameter. Concave model made firat on male mold;
concave model then used 88 mold faor sonvex model,

27 pressure taps along vectical diameter and 5 along
horizontal diameter.

Cylindrical cup: Brass flat plate 1/2 inoh thick and
6 inches in diameter with brass oylindrical rim

1/8 inch thick ané 1.71 inches high., 28 pressure taps
along vertical diameter including i-im and 1li aiong
horizontal diameter,

All the pressure tap holes were drilled wich a numbsr 7%
arill except for four closely spaced (1/16 inch spacing)
holes including the stagnation point hole which were number
80 (.0135 inch)., The latter holes were along the vertical
diameter,

Pressure readings for each run were made on multiple
mencmeteras or test gauges and were recorded photographically.
The stagnation temperature was measured as before,

3.2.2. sults o spure distribution measuremsnts and
t c st o8,

Pressus . distridbutions. PFor each of the basic ccudbirations
of Jet strength and immingexint distance, both detailed
ctagnation region and over-all pressure 4istributions were
woasured for each model. Of particular itportance in
otiaining these results was the initial aligruent of the
wcuels relative to the jet flow. £ model was rivst =ligned
parallel to the jet exit plane by neand of direct messure-
namnt between its outer sdges and -~ atraightedge hHald across
the nozzie exit, Vertical and horvi:ontal centering were then
accomplished with the jc¢i running bty nulling the pressure
differenticl between pressure taps equidistant from the
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center tap. Although the initial parallel alignment cannot
take into account the fact that the Jet may not iasue from
the nozgle exactly coaxial with it or that interference or
buoyant effects may change the jJet's direction slightly, it
waa found that stagnation regisn distributions were quite
insensitive to small changes in impingement angle. Thus it
was felt that these factors could be neglected as long as
the model was centered.

In order to obtain high resolution distributions in the
vicinity of the atagnation point, a technique was uscd of
translating the model sligntly between each of several jet
rns, In this case, the model was exactly centered only
horizontaliy. The vertical centering a.djuetment was {hen
used to shift the model slightly up or down in its own
surface plane sc as to bring the central preasure taps to a
different point in the flow. Because of the usually consist-
ent data obtained, it was assumed that the maximum over-all
translation of about 1/8 inch had 1littls or no effect on the
abeolute position of the jet. A typical pressure distribu-
tion resulting from the use of this technique is shown in
Figure 18.

The results of these detalled stagnaiion point measure-
ments are shown for all the basic combinations in Pigures 19
through 30, On these plots the pressure is given as a ratio
of local to stagnation point absolute value, while vae radial
distance 18 given in nogzzle radii from the stagnation point.
Tr. order to show clearly the £lizht d1lierence: batwaen the
distributions for different shapes on each plot, the data
vi'ints have dbeen omitted. Por reference, the Piist pressure
prafile of the free jet at each a~ial 1locat*dn is also
plotted.

Except for the case pl/bg = 3,573 ;/au w 1,96, 1t is
observe.. that the pressure distribuctions follow the ganeral
local character of thc free jet (cf, *igures >, 7, and 10),
althougn there is & tendz=ncy ror the impingement distribution
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to be relatively spread out, The excepted case exhibits a
flattened distridbution with no distinct peaks, Other cases
involving the highly underexpanded Jet show apparent stagna-
tion points to either side of the center with a relatively
flat distribution or a third peal at the center. This behav~
ior has been investigated further and is discuased in 3.2.4.
A consistent trend is that due to surface shape. The convex
hemisphere distributions always drop off more rapidly than
those of the flat plate, while those for the concave shapes
drop off less rapidly. The relative behavioi of the
cylindrical cup and concave hemisphere shapes appears to
depend on the impingement distance,

Over~-gll pressure distributions, meisured from edge to
edge across the vertical wetted dlameter of each model. are
shown in Figures 31 through 38 for each jet strength and
model shape. These data are plotted with the local pressure
as a percentage of its value pg at the stagnation point,
Thus it is possible to note the relative change in shape of
the distributions for different impingement distances. Plots
of these same data given in terms of the jet settling chamber
stagnation pressure are included in Appendix IV.

In general, the effect of distance as shown 1in Figures
31 through 38, 1is as might be expected, with the pressure
distribution following the basic spreading trends of the
free Jeiu. Certain details, however, are apparent wiaich are
not observed in the frew Jet data. 1In particular, there is
oit4n a distinct reversal of thc radial pressuri gradient
in & short interval between 2 and 3 nozzle radii from the
stagnation point when x/aN = 1,96 and 7.32.' T3 reversal
dersnds to some extent on the surf-sce shape, deing svrongest

-t

*This reversal is to be distii. oished from that found
near the center for the D3/pw = 3.57 Jet which does occur
in the free jJeot and vhich is apparently assoc’..:d with the
Jet normal shock disk,
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for the convex hemisphere. Since it occurs for this shape
even for subsonic impingement, 1t appears not to be associa-
ted specifically with Jet underexpansion phenomena., Whether
or not the reversed gradient is sufficiant tc cause local
separation is impossible to dsiermine from these data alorne,
Another region of reversed gradient oscurs near the outer
edges for all the surfaces but the flat plate, although,
again, separation cannot be confirmed.

The behavior of the concave shapes (hemisphere and cup)
for impingement far downstream is of pavticular interest,

In these cases, 1t is seen that a large portion of the surface
is subjectcc to a pressure nearly as high as that at the
stagnation point. In effect, the entir: {low ineide theese
shapes approaches a stagnation condition when the Jet iras
spread to a size comparable to that of the model. In the
cylindrical cup, the stagnation regions in the sharp corner
are quite clear, The ovar-all stagnating effooct is app.oached
the closest for this model, especlally in the case of impinge-
ment by the moderately underexpanded jet (p,/p, = 1.42). It
is seen that the corner stagnation pressures are as high as
80 per cent of those at the central stagnation points.

The results of a highly detalled axial survay of the
pressure at the center of the flat plate model are given in
Pigur< 39. Also plotted is a similar survey of the Pitot
pressure at the center of each free jJei. Pitot pressure in
rlotted becauze the total pressure loss due to the stand-off
aormal shock cannot be determined for the lapingement case,
Tne data points for the free Jot have tesn omit{ed for
clarity, a measurement having bscn made a¢ intsevals of
0.2 nozzle diameters through mos. of the ruage O g,x/an < 10,
The values of xc/HN chowm reprudent core lengths for an
egquivaient properly expandes l:.2 ¢v the same pressurs rerio
computed using Warren's method {see 2.3). For the subsonic
case, as might be expected, the curves are very; clcse, In
fact, &8s plotted on tie present scale, they cannot be
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separated. Both of the underexpanded cases reveal the
degree to which small local changes due to shock structure
are duplicated in the two kinds of measurement. The most
important difference obssrved between the free jet and
impingement data, 1is an axial siiilt such that the plate is
seen to experience a preassure which actually occurs in the
free jet at a point upstream of the plate location, Thia
shifting effect is thought to be at least partly the result
of the different stand-off distances of the impingeament
normal shocks, Since for a given Mech numbsr the stand-off
distance of & normal shock increases with the erffective
bluntness of 4l.& body, it 1is clear that the rrobe stani-off
dlectance must be considerably less than that for the vlate,
Other factors contributing to the shift may involve possaible
changes in the stablility of the jet itself due to the
secondary interference effect of the plate on the jet flow
field. 1In this regard, it is interesting to note that in
the case for pl/b‘ = 1.42 the shift continues in the same
direction to points well downstream of the supersonic portion
of the jet. Some evidence has bYeen given that seems to show
this free jet to be highly unstable at a considersable distance
downstream. Characteristios associated with this instability
are increased decay and spreading rates. If it were assumed
thet the “vesence of the flat plate and its supporting
structure had a net stabilizing influsnce on the jet in this
axiasl range, the higher impingement prussures observed in
th: downstream region could be at teast gertiaily accounied
for. There is, however, no other evidence to support such
ai assumptioni. For the highly underazpandsd jei pr/p” -
3.57, the shift is seen to disappeur ncar thu end of the
superdonic portion x/'dN = 20, Yu tne range 10 ¢ x/hn < 18,
hoWever, tie apparent eversal of the shift may only be the
resuit of ilimited data taksn in a mgion where values are
still quite sensitive to axial locaticn becsuse 0i the
oblique shock structure. Hoth ourves in thiv region are
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based on only three data points., An interesting feature of
this Jet is the large recovery of Pitot pressure in the
core downstream of the normal shock disks,

Photographic studies. Photographs were made of the impinge-
ment flow on the flat plate model by means of schlieren a-ni
shadow techniques. A selection of the schlisren photographs,
taken with a spark light aource, is reproduced here in
Pigures 40 and 41 for the moderately and highly underex-
panded jets, respectively. Por these plctures, thc knife
edge 18 vertical so that density gradients in the axial
direction m-:dominate, Figure 42 showsz & csries of continu-
ous light schlieren pictures taken unde: similar ccuditicus
for the highly underexpanded jet. In the impingemsnt region,
it 1s apparent that the character of the local structure as
revealed by the density gradients varies considerably with
impingement distance. No distinct normal shock 1s observed
in this region, although this may be because 1t 1s masked
by disturbances in the surrounding flow which are of compara-~
ble strength. As the .apingement distance 1s decreased,
there 13 a definite distortion of the jet structure upstream.
For the pllb“ = 3,57 case the axial location of the jet
normal shock disk 1is seen to start moving upstream for an
impingr~ent distance between x/'dN = 6.24 and 5.232. The
continuous light pictures =b3w the iistortion as a sort of
“telescoping” effect in the core. Posasible changes in the
stability characteristics of there jetw due to impingenent
aninot be deduced from these plctures,

The radistion of strong sound waves Irom Lne impinge-
ment regilon 18 quite clear for boin jet strengtbs. At
smpll impingement distzn~es, there is considersble inter-
aotion batween these waveas snd tiiz *ct itself.

Anccher series of s-hlieren plctures was taken in hopes
of revealing a visible correlation with the measured changes
in sign of the radlal pressure gradient for some of the
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cases cited earlier. In order to distinguish gradients in
the radial direction, the knife edge was held horizontal.
With the flat plate at an axial distance x/1; = 1.96,

the jet pressure ratio was varied in sm~’l increments in the
range 1,00 < py/p, < 5. Thie ceries of pictures is shown
in Figure 43. It is seen that definite gradients of densitvy
appear in a concentric pattern about the stagnation reglon.
These gradients are visible in every picture although they
are relatively weak for the pressure ratios used in the
bulk of this study. Neverthelessa, they Ao occur at radial
positions ccrresponding to those of the measured changes in
pressure grziient, These pictures alsc ahnw the stand-off
shock in the impingement reglon very cles>iy for the lower
preasure ratios, The decrease in stand-~off distance with
increasing pressure ratio is evident., Also of interest is
the change observed when the pressure ratio 1s increased
from 1.88 to 1.95. It is in this range that the normal
shock 1isk sppears in the free Jet. In the impingement
case shown, the shock apparently forms at about the same
pressure ratio even though its position is shifted due to
the short impirngement distance.

3.2.3. Evaluation of heat transfer parameter (due/dr)re0.
The sta :ation point radial velocity gradient (duc/hr)r_o was

evaluated from the detailed rtagmatior: region pressure distri-

butione given in 3.2.2. The calcuiationz were made by fit-
ting the data to Equation 6 at the stagiztlon point, In
order to assure the best possible £it exuctly at > = 0, the
pressure data were first plotted ac a funciion of (n/r')a.
The slope of the resulting curve wes dstermined graphically
at r =0, and the va):c of (ﬂuajhr)r_o was then computed,
In most cases the data fell olicos ¢~ » straight liae for a2
reasonab.e distance from r « O, pro that the slope evalua-
tion was not difficult, The values computed in c¢his wanner
are shown plotted as a function of impingement distance for
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each jet strength and model shape in Pigures 44, 45, 456, and
47, Referring to the flat plate results, which are more
detalled, there i3 2 “endensy for (du./ar)r_o to increase
at first until a maxiaum 1s reached at 2 point near the end
of the fres jet core, Farthe. downstream, a characteristic
decay is observed. This behavior appears to be a logical
consequence of the axial changes in jet totsl pressure and
velocity profiles, since the radial gradients of these
quantities are smaller near the centerline in both the core
and fully developed regions. In the cowe of the moderately
underexpanded jet, it is seen that the values fiuctuate
sharply in ¢ manner similar to that obeerved for the Pifot

prossure {Figure 39). In the case of tl.ie aighly underexpanded

Jet, the negative value 18 a result of the reversed mdial
pressure gradient found to exist for some distance downstream
of the normal shock disk. The existence of such a gradient
strongly suggeets that there is a separated region of re-
versed flow in the immediate vicinity of the usual stagna-
tion point. A flow visualization study that seems to confirm
this condition is discussed in 3.2.4.

Figures 45, 46. and 47 show that while the zeneral axial
variation of (dua/hr)r_o is not highly dependent on surface
shape, the magnitude is. This dependence is made clear in
Figure- 48, 49, and 50, which show the values for all four
shapes plotted together fc: oach jot pressure ratio. A
curve is drawn only for the more cdetailed flat piate data,

It 1z seen that the values for the convex hmuiaphore are
al7ays higher and those for the concave shapes silways lower
than those for the flat plate. Ti:ls is, of courses, the same
as the elffect noted in the discussion of the pressure dietri-
butions themselves,

Twc methods of presenting wosszired values of (dnc/ur)r_o
in terme of measured je* bshavior are given, The first
method, which should be useful when little or no inforsation
is available about the decay and spread of the impinginz Jet,
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makes the atagnation point velocity gradient nondimensional
through the use of dN and Vl, i.e.

Vl ai r-o

The second method, which is more fundamental but which
requires a knowledge of the decay and spread of the free
Jet, mukes the stagnation point velocity gradient nondimeii-
sional through the use cf measured locai free jet conditions
in the plare of impingement, 1.e.

r - 5 ue)
Ve :dr r=0

The results of the first of these methods are shown in
Pigures 51-54, and those of the second method are shown in
Figures 55-58.

Referring again to the flat plate data, the behavior of
the nondimensional velocity gradient pased on nozzle exit
values is aimilar for the two weakest jets (cf. Figure 44),
This similarity is indicative of the roughly equivalent core
lengths and rates of decay as well as rather mild 2.cr-sll
effects due to shock patterms. For the highly underexpanded
cate, however, the behavior is juite §*.ferent, with the
eifects of the much lcriger core region and strong shock
gtructure clearly shown. Simiiar results are ob*nined for
tha other shspes, but the magnitudies are Adifferent, «s
expected. .

The nondimensional gradient iz3-d on local frzec jet
yropert’ <3 appears to achieve & svugih correlation cf the
measured results, although the core effects - “he strongest
Jet are still in evidence, 1In general, the two weakest jetd
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are well correlated about & value (r.5/vo)(du°/dr)r o™ 11
for a considerable distance. FPar downstrean, the strongest
Jet also approaches this value, Aside from factors limiting
experimental accuracy, cercain daviatiom» may very likely
stem from changes in the stabilily characteristics of the jet
due to the presence of the plate. This is particularly true
of the pl/p.' w 1,42 jJet, Of the other shapes, the best
correlation is shown for the concave hemisphere. In Zeneral,
however, the shape effect on magnitude is the same as that
already ncted, i.e,, higher values for the convex shape and
lower values for the concave shapes,

3.2.4, Visusilzation studies of stagngtion rezion flow. The
pressure distributions measured for impingement distances

downstream of the normal ahock disk in the highly underex-
panded jet, show peaks of maximum pressure to either side of
the usual centerline stagnat.ion point. A typical example of
such a distribution along with the Pitot and static pressure
profiles in the free jJet at the same axial distance is shown
in Figure 59. The pressures are all shown as a fraction of
the free jet centerline Pitot pressure so that relative
changes in pressure level due to impingement may be observed.
The shape of the free jet profile at this point is, of course,
a result £ the total pressure drop through the normal shock
disks upstream. Even though there has been a substéantial
recovery on the centerline (see Piguve 39), the outer region
~7T the core retains ites higher level focs the beginning
becruse of its structure of relativsly weik cblique shocks,
The corresponding impingement distribution anhow: nne outer
pesl. to be displaced outward, while¢ the centr«l region is
relatively flat. At the =~sme tima, the magnitude of the
ovier peai 1is seen to be even lse: thuxn that at the center-
line of t.e free jet. This condition suggests the existenoce
of a separa‘ed region caused by the rcversed pressure gradient
t0 the inside of the outer peak. The flow pattern based »n
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this idea is shown in Pigure 650, The usual central stagra-
tion point is transformed inte a ring surrounding the
aeparated region. A pattern similar to thia 1s known to
exist under certain ground effercts machines [27]. A conse-
quence of such a flow in termc of heat trancfer, of course,
would be the existence of a cool central spot surrounded by
a ring at stagnation point heating levels,

Although confirmation of the phenomencon by means of
direct measurement of velocity or presasure gradients off the
surface was felt to be impossible, a method was devised for
observing surface streamliines. This method corsisted of
impinging the jet for a short time on a layer of hignly
viscous water pump grease applied to the suvrface «f the flat
plate, In order to achieve maximum visual contrast in the
resulting pattern, the grease was mixed with lampblack, and
the plate was given a smooth finish of white lacquer. Since
it was found that the initial distribution or thickness of the
grease did not affect the resulting pattern, the application
method 21d not present a problem, With the grease applied
in a small blod, the plate was covered with a baffle board
in order to shield the grease from transient phenomena during
the starcing of the jet., Waen the Jet reached the desired
running condition, the baffle was withdrawn for a short time
interval of about 3 to 5 seconds. After replacing the baffle,
the Jet was shut down.' Increasing the time of expocaure to
the Jet was found only to remove more grease from the impinge-
wen’ region and not to change th. patte.-n, Thus, it was
detarmined not only that the phenomenon was baszicelly a
stcady one, but that it was also quite repeatadls, A photo-
gra~h of this pattern for the highly underexiundzd Jjet

Tt - BN 7Y A AT . .

®Because of the substantisl el uressure forca, the
baffle w2 made with two raised :cgcs that rested on Lhe
plate surface away from *+.ie center. Exposure of the grease

was accomplished by quickly sliding the baffle out of the way s

laterally,
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Figure 60, Flow pattern of separated region (distvance normal
to surface exaggerated).
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Pigure 61. Typical surface strucliine pattern bascd on
grease streak pictures.
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(pllp. « 3.57) at x/d.N = 5,32 1s shown in Figure 62, The
behavior of surface streamlines suggested by the observed
patterns is shown schematically in Figurs €1, It is seen
that a dividing ring exists which apper:ntly separates
regiona of inward and outward {low., To the inside, there ia }
a central region of thick grease, while to the outside an I
alternating concentric pattern of more and le3s grease 18

observed. Of particular interest is the manner in which the
streaks curve near the dividing ring resulting in segmenta-
tion of the central pattern. Along the dividing ring, each
segment can be identified by two types of points having the
topological .haracter of nodes — and saddle
points <> . The number of ztégments in the patiern
apparently decreasses with increasing impingement distance.
For this jet, the ninimum number of three segments is
observed for all distances beyond about x/d" = 4.5 (see
Figure 63). Another factor which was found to affect not
only the number of segasnis at a given distance but also
the orientation of the pattern, was the jJet nozzle. Rota-
tion of the noszle about its axis between runs resultsd in
an identical rotation of the observed grease pattern, It
war found that tiny nicks in the noszle lip could be corre-
lated with at leact some of the pattern segments. Removal
of the 2irger nicks resulted, for a fixed impingex~nt dis-~

tance, in fewer segmeunts. 7L2 potterns shown in the present

snme, however, are those resulting from tests after the

«#icks had been removed from the noszlie. Undar 10-power
:egnification, no nicks were observad that could be corrs- :
lated with the resulting three egual petiern tegmwents, i

A comparison of schlieren photogiaph, grease pattern,

and surface npressure dlziributicn for & typical case is
shown in Figure 64, It can be s+~ that local pressure Huaks
are definitely related #> the observed patterns, with less
grease remaining where the zressure is higher. These local
pressure raxime also corresspond to the dark regions of
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Pigure 6%. Typlcal grease streak phcicgrapr of flow pattern due to
impingement on flat plate. pl/pm = 3.57; x/dN = 5,32,
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increasing density near the surface as shown in the schlieren
picture, In a&ddition, the position of the streanline divid-
ing ring, which can be thought of as a line of zero radial
shear, 18 found not to correspond to the local pressure
maximum,

3.2.5. Momentum balances and interference effects, In order
to help clarify certailn aspects of jet impingement flows,
eapeclally those which may involve interference in the en-
trained flow fileld, it 1s uselful to cons.ider quailitavively
the balance of jet momentum fluxes with the pressurs [vrces
on the impingement surface. In Figure 65, rour basic condi-
tions are illustrated. Case 1 shows a free jet flow lsauing
from a nozzle of the type used in the present experime.ts,
while Case 2 shows this jet impinging on a circular flat .
plate. Cases 3 and 4 represent corresponding flows but with
a flat baffle plate inserted at the exit plane (AB). For
convenlence, a cylindrical control volume is defined by the
impingement plate (surface CD), the baffle plate (surface AB),
and the cylindrical surface S, The pressure is assumed to
be unchanged across the free boundaries except within the
confines of the nozzle., It 18 clear that the total axial
momentulm flux leaving the volume across surface CD in

Case 1 .+ made up not only of that entering across >
through the nozzle (inc2ading the sffest of any pressure
difference across the nozzle exit plane) dbut alss the sum of
-41 the axial components of entrainment {flow entering across
the entlire plane AB as well a2 the surface 8, Mopeover,

& completz force balance for this svsvem would also have to
include the proper components of viscou: forces at all the
boundaries. For Case 2, neglectir; viscous forees, the
tulance 1< primarily between thc axizl momentum flux uf the
Jet (across AB and &) and the pressure force -~ the piate,
It should ve noted, however, that part of the axial flux
scross 3 1is contained in th2 wsll jet, which becaus¢ of its
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spread makss a contribution in the rnegative axial direction,
The possible consequences of blockage due to a baffle plata
are clear in Cases 3 and 4, It 1= aecn thst a large portion
of the axial momentum flux is lost bec~se of the solid
houndary at AB. The entrainmunt flow is thus primarily
radial. Because this flow must turn as it approachet the
Jet, however, a pressure gradient will be eztablished on

the surtace AB which can result in an additional axial pres-
sure force contribution. Basically, Case & represents a
combination of Cases 2 and 3. Using the measurements of
free jet velocity profiles and over-all flat plate vressure
distributiiis, a comparison between Jjet srxial momentum flux
and plate pressure force has been made (or the pr/pw = 1,42
Jet. Each of these quantities is plotted as a function of
axiel distance in Figure 66. In addition, the free jet mass
flux, the radial boundary of the nozzle mass flux rﬁu/bx
(1.e., the dividing streamline between nozzle and entrained
flow), and the over-all jet spreading parameter r.5/'rN are
given in Pigure 67. The behavior of the jet momentum flux
and plate force can be explained in terms of that portion of
the over-all axial flux actually measured at each station.
Near the nozzle, of course, the plate force represents
practically all of the axial flux due to the nozzle a8 well
as ent _inment, It 18 seen that the Jjet alone accounts for
only about <ae-half of thia ¢total force. The initial decrease
of each parameter with axlal distance is bellevea to be
primarily due to pressure gradientsc which are known to exist
&.ros8s the boundary AB near the nczzla, but which were
nut evaluated. Parther downstrearm,the portic:. of the total
control volume cross-section inciuded in the fiee jot measure~
wents increases becaus:z Of Jet svreading so that o larger
portion of the totel axial fiux ir ucecounted for, At thi
same tine, since the je* dlameter has grown to be nearly
that of the plate, some of the jet Iflow is dellected around
the plate without contributing to the tforce, This drep~c(f
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is alight within the xange of these measureméntcs, .
b The measured Jet mass flux, as shown in Figure 67, 1is
. seen to increase more rapidly in the downstream portion., 7The
#m possible existence of instabilities in thia region has already

been diecusesd, Bazmuss 2f prttiable wrasurcwent uncertain«
ties in such a region, therefore, it 1a not clear how much

] of the inoreased rflux is actually due to incressed entrain-
ment. Nevertheless, the total mass flux at a:/dN x5 40 18
seen to be approximately 14 times that of the jJet alone, In
order to illustrate the intarference effecc of a baffie plate
at surface AB, seversal impingement conditions were rerun
both with and without =uch a baffle plate. A comparison of
impingesent yressure distributions resulring from this test
is showm in Figure 68, The change in distribution in this
particular case is characterized by a decreased pressure
near the center and an increase in the outer portions,

While some of the few cases tested exhibited similar changes,
others did not, On the whole, the relationship between Jjet
and impingement behavior and interference effects is extreme-
ly complex and the present simple tests are intended to
provide only some idea of the changes that canu result from
changes in geometry.
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3.3. Dincussion.

The experimental dster.-uation of stagnation point
has? transfer parameters for noreal jet ‘mpingement Las veen
“:8crlbed in detail, It has been found that by making use
of iocnl free jet characteristics a reasonadle correlation
' of the stagnation point veloecity gradient (du./(.-z')r .y is
& - achieved for a number of cases of j2t otrength and ilipinge-
wnt distance. For impiagement o» a fiat plate it wws found
toat (r yvc)(w'/dr)m feil wit*ia 20 per cent of o
value of 1,1 at axial “lstances between 10 and 80 nozzle
dismeters Zownstresar for a subscnic ‘9-/’20 « ,800) jet and
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Figure G3. Example of changes in impingement pressure distribution
due to baffle plate.
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Pigure 69. Dependence of correlatei et tcansfer parasecer on
surface shape.
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*  wderately underexpanded Jjet (pl/bu = 1.,42), For a highly
".nderexpanded jet (p,/p, = 3.57) a value of 1.1 was
approached within 20 per cent downstream ot 30 nozzle
dianeters, For a convex hemisvhere, generally higher corre-
lation values were found. These values showed an upward trend
with increased axial distance. Such a trend might de expected
since far downstream the axial drop-off of the gradient
(du‘/ar)r_o itsell is less rapid " han it i5 for the flat
plate. While the concave shapes exhidbit lower valuesz than
for the flat plate, data dc not clearly indicate tne downward
trend which might be expected on similar srouiids. .he
correlation values can be related to th: geomwetric cornditions
in terme of the free jet half-velocity radius r g and the
model surface radius of curvature rg. With -Tg desined
negatively for the concave hemisphere, the values for the
fully developed region of each jet are shown in Pigure 69.

In the range -0.6 ¢ r’s/'rs < 0,6 , the surface curvature
effect can be appruximated by the linear relation

r dau b o
)  ~1,13 +1.08 o2
v.i(.&_)r.o 3 Ts

c

In addition to these basic measurements of (due/ur)r_o ’
several other msasurements and photographic studies have
been made which help to illustrate ceriain features of
impingement llows, particularly of highly underexpanded jets.
Z% haas been fourd that under conditlonr 2L imgingement out
to about 8 nozzle diameters for a jet with pllb“ - 3,57, a
separated region may exist in the 7vicinity of <liz stagnation
po:at with the result that maximuc. neat trensfe: may ocour in
a ring surrounding the central rsgion, Some unususl festures
ol this flow have beein investiga‘ed vy comparing impingemi.t
pressure aistributions, surface streamline patterns, and
schliieren photographs, Of special interest has gesen the
aanner in which the separated flow region becomen segmented
aiong the ring dividing the inward from the ocutward “lcw on
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the surface, It has also been found that the maximum
iwpingement pressure occurs outside of thiy ring.

The prebdlem of interference due to obstructions in
the flow field surrounding the jet prv. er has been discuec~d
briefly in a Qualitative way. In particular, it has heen
stresasqd that the presance of sucu ocbutructions can resul.
in substantial changes in the impingement pressure distri-
buticn, An example of this effect has been given in which
interference was introduced by placing a baifle plate in
the plane of the nozzle exit,
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4, CONCLUSIONS

This atudy was perforaed in order to obtain a general
kmowledyge of the behavior of free Jjeta uhen they impings
normally on a flat surface. In =articular, the general
character of the stagnation point heat transfer parameter
(du’/dr)w and its dependence on shock structure and other
features of the free jet were stvdied in detail,

The purpore of this investigation was to provide a
generel guide to the study of such matters at high enthalpy
where the effects of denetity veriations are of iiportance,
It wvas felt that by kmowing the gencral fsatures of .1ee Jot
impingement o low temperature constant density flicws, &
great deal of labor and expensive high temperature testing
could be eliminated and s limited but essentially definitive
test program for the high enthalpy problea evolved.

The rasults of the low tempereture studies presented
herein are thought to be sufficient to permit the oxrder of
magnitude of the stagnation point heat transfer paramster
(du./dr),_o to be estimated for thn case of high enthalpy
Jets in a number of important practical applications.

The results of these low temperature studies of
("“c/d’)r-o were presented in two nondimensional forms. In
the first form (due/dr)r_o was mads dimensionless using the
Jet exit diameter and jet exit velocity, i.e.

o (du@\
%WAE o

This form is useful for quick cstiustes of (dudr), , when
information is not availsble conce:mning the ue¢ciy of the free
Jot under considsration. The other method of presenting the
data 1in siondimensional form 2iigipt* to correlate the stag a-
tion point heat transfer parameter with local conditicns in
the free jet at the plane of iwpingement, 1.e.
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‘he data ahow that such a corrclation i+ ugeful in the region
of fully developed free jet fluw. In particular, for the
caae of normal impingement on a flat plite

r / du
1 ) ~1.
gy S

The effect of curvature of the impingement suriace on
the stagnation point heat transfer parsmeter was als. investi-
gated. Typicezlly, for fully developed Ji.ius when the rztio of
the hal? width of the free jet rs at the plane of
impingenent to the radius of curvature rg of the impingement
surface falls in the renge -0.6 xgrg £ 0,6 (the plus sign
refers to & convex surface and the mlnua sign to & concave
surface), the effect of surface curvature m&'ﬂc)(du./dr)m
is given approximatsly by the expression

\

r au r
-] (ar_") = 1,13 + 1,08 =22
r=0 ’ Ts

In vrder to use this second method of nondimensionalizing
the sta: 1ation point heat transfer parameter, it 13 nacessary
to compute the properc'~s c. a given jet downstream of its
pcint of issuance, This problem was 2ls~ investigated,
“-moarisons were made between measured and computed values
of r .5 and V at various posicions aloug the jet, Ccuputed
vaies were roux.d by applying ¥Warrea's momentum {ntegral meinod
to all the cases studied including chose for which the jJet
was undersexpanded., It wis found “hat the predisted decay
rates darad on this method agreed w.o.n the measurel vtlueas
quite well in the subson.c range. For moderate'v underexpanded
jets, howzver, the agreement was no better than about 60 per
cent. This 1is believed to be due pPrimarily to the offecis of
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a large scale instability or "flapping" observed for these
Jets, The agreement was much batter in the highly under-
expanded range, although a steady drop-off in agreement with
incressing jet strengtn and axial locatiun was noted. Since
the analytical method was based cn a turbulent exchange
coefficient that was assumed to be a function only of initial
Jet Rach number, it is felt that such a drop-off might be
expesctted as the jet decays to aubsonic velocities, These
date would sesm to indicate, therefore, that in the abaence of
Jet “flapping®, the core shock atructure does not huve a
first-order effect in determining the decay rate of iree Jets,
Iv appsars that cue disagreement is due primarily to the
limitation imposed by assunming a constant sxchange coeiiicient
independent of position along the Jet. Only in cases waere
shocks contribute to jet instability does it appear that they
may influence over-gll decay processes,
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APPENDIX I

Summery of free Jjet cases for which
vaelocity profiles were detarained,

11.74{23.5{39.1{58.7
v | v |V
.834 viviiviv] v ivive iy
552 v v v v v v '
458 v | v v ]v
(py/p, = 1.14)
A}
372 v |v viiviviviv
(py/7, = 1.42)
148 v v v viviv]|v E
(h/p“ = 3057) \
In addition to #h: above listed cases, axial decay E
ncasuresents alone were made av sevsre”. of the same losations t
for the following jet pressure ratioss ;g
P
L
PSP0, = 2uk; Db, = 236 &
1263 2.68 »
<221 4,36

.104 5,07

e @O
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APPENDIX II

Pressure measurement data and ccaputsd velouity profiles
for a1l of the frea jet cases listed 1. Appendix I are
included in the following pages,

Sunmary plots of the redial spread and axial decay
characteristics of these jets are also included.

Rote: Por ease in waking aammariaons; &1} measured
pressure data have been converted t¢ the same
‘mits--inches of alcohol (=.g., = .820) gauge.
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APPENDIX III i

; 1. Summary of impingement cases for which radial velocity
gradient was determined from detailed stagnation point
presture distribution. Thls matrii was repeated for !
each of the fou.! impingement models, ‘

. x/d“
o 1.96 7.32 23.5 9.2
Pu/Pac
O3 v v V4 v i
} 372 v v v v
148 v v v v

Additional cases were as followss
For the flat plate model,

P./ch - 961, x/d“ - 7.32
pJpgc = .%2’ x/du - 7.32 ' v
P./90, = 800, 3/, 3.5, 5.3, 11.0, 16,0 i

P/Pog = +372, x/dy = 2.015, ~.57, 2.94, 3.49,
3.86, 4.41, 4,78, 5.31,
5.70, 6.¢5, 6.62. 7.17, I
11.C, 16,0 [

.1“8, ddN - 3:91, 1100. 15.0, 18.0 . A

. 0
Po/Pgc

2. HMeai irements of over-all suriace pressure distrioutions
were made for all four models for the cac.c listed in
the main matiix above,

<




3.

Stagnation region pressure distridbutions were also
weasured under the following conditions with the flat
plate model (these data are not all trrzted specifically
in this report):

P,/Dgc varied in small increments, x/d, = 1.96, 7.32,
23.5, 39.1

P./ch = .372, x/dy varied in small incremsuts
P./l’gc - 148, x/d, varied in small increnents=

S S e e e s e
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APPENDIX IV

Pressure distribution data for each basic test condi-
tion., Over-all surface pressures are plotied as a percentags
of Jet settling chamber stagnation pressure.
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